Abstract-Statistics of monthly and diurnal variations in the occurrence of rain fades are needed to give a detailed insight for system design of these services. This paper analyses the performance on three years of rain rate and rain attenuation measurement to study the empirical determination of power law coefficients calculated for monthly distribution of rain attenuation from the knowledge of rain rate at 19.8 GHz link for COMS1 in South Korea. The received signal data for rain attenuation and rain rate were collected at 10 second intervals over a three year period from 2013 to 2015. The comparison of measured data for monthly variation illustrates the suitability for the estimation of signal in Kaband whose appropriateness is verified through the comparison with prominent rain attenuation models namely ITU-R P. 618-12 and empirically generated regression coefficients values for ITU-R P. 838-3. A monthly variation of the coefficients has been indicated, and the empirical measured data were compared with the ITU-R P. 838-3 derived regression coefficients. Moreover, the statistics analyzed to 6 hour contiguous periods of the day are also shown. Furthermore, the paper presents an overview of the predicted monthly variation of rain attenuation estimation of 2013 year for Ka band in 19.8 and 20.73 GHz from 12.25 GHz link which are obtained from the ITU-R P. 618-13 frequency scaling method, and these predictions are compared with experimentally measured values. These statistics can be useful for communication systems whose service quality and design require seasonal and diurnal variation.
INTRODUCTION
In recent days, there is growing demand of satellite capacity in order to support the new services which had led to the use of higher frequency band as Ka band (20/30 GHz) that is most susceptible to rain fade [1] . The severity of atmospheric impairments especially due to rain on radio wave propagation increases markedly with the increase in frequency. Therefore, extensive knowledge of propagation phenomena affecting the system availability and signal quality in these bands are required. The study for time varying rain characterization and diurnal variation in the satellite systems have been studied in [2] . The higher frequency bands have been preferable to provide Direct to Home (DTH) multi-media services. In order to optimize the performance of slant path communication system, it is preferential to determine the period of rain fade, time of day for its occurrence and how often these activities happen [3] . Rain attenuation in satellite communication systems operating at Ka-band frequencies is more severe than usually experienced at lower frequency bands [4] . The total attenuation statistics are correlated with the attenuation statistics of the month of the year [5] as well as on the hour of the day [6] which signifies the appropriate fade margin for satellite systems. The variabilities of diurnal and seasonal variation have been taken into account in fade margin design for fixed scheduled services which have to fulfill the requirement in terms of quality of service which can be easily allocated in different time slots during the day [7] . The annual and diurnal attenuation statistics are studied to understand the rain induced attenuation effect and the possibility of using selective time period for better link availability in the studied location [8] . A number of mitigation techniques have been envisioned and experimented over the years, in the attempt to overcome the problem and to make Ka-band satellite applications as commercially viable as those at Ku-band [9] . The methods for the prediction of rain attenuation for a given path have been grouped into two categories, namely, physical and semi-empirical approaches. The physical approach considered the path attenuation as an integral of all individual increments of rain attenuation caused by the drops encountered along the path. Unfortunately, rain cannot be described accurately along the path without extensive meteorological database, which does not exist in most regions of the world [10] . In addition, when physical approach is used, all the input parameters needed for the analysis are not readily available [11] . Most prediction models therefore resort to semi-empirical approaches which depend on two factors, namely, rain rate at a point on the surface of the earth and the effective path length over which rain can be considered to be homogeneous [12] . The ITU-R P. 618-12 is considered preferable for its simplicity and reasonable accuracy, at least for frequencies up to approximately 55 GHz [13] . The integration time of 1-minute rain rate is considered preferential statistics for rain attenuation prediction. Further investigation has been performed locally in South Korea, in order to derive the prediction model [14, 15, 28] . In addition, the rain attenuation effects have been analyzed for Koreasat-3 satellite from the database provided by the Yong-in Satellite Control Office where the emphasis has been mentioned for the ITU-R prediction model [16, 17] . Similarly, the rain attenuation effects have been studied for the terrestrial network in [27] . The preliminary bases for estimation of rain attenuation on slant path applicable for Ka-band have been studied with the combined values of rain attenuation for three years in South Korea [18] . The analysis of the results shows that location with greater variability in rainfall amount, which is considered on annual, seasonal, monthly or hourly basis present higher variability in the corresponding annual, seasonal, monthly or hourly statistics [31] . The probable duration of rain fade, the time of day when it is likely to occur, and how frequently it happens are all important aspects for the design of satellite services [32] . The impact on signal availability which is based on seasonal and diurnal variations are described in [33] . The statistical distributions of rainfall rate and total attenuation are computed and compared with ITU-R prediction methods have been studied [34] . This paper presents the technique for predicting the rain attenuation of beacon signal received in 19.8 GHz frequency during rain events at Mokdong-13 na-gil, Yangcheong-gu, Seoul, Republic of Korea which has been analyzed for monthly basis to understand the variation of rain induced attenuation provided by National Radio Research Agency, RRA studied for earth space communication. The diurnal variation has been studied to know the applicable diurnal fades margin level. The techniques in [18] have been further studied which utilize power law relationship between the effective path length and rain rate and predict the attenuation values for other time percentages as per the ITU-R P. 618-13 extrapolation approach. This paper studies the result of measured rain attenuation compared with the cumulative probability distribution of ITU-R P. 618-13 and ITU-R P. 838-3 methods and studies suitable means to characterize the rain attenuation behavior for 19.8 GHz satellite communication links. The rest of this paper is organized as follows. Section 2 shows a brief overview of selected rain attenuation models. Experimental system along with proposed approach is described in Section 3. Based on the pertinent models and experimental setup, Section 4 presents the statistical analysis with particular emphasis on predicted and measured rain attenuation along with the frequency scaling technique adopted to predict attenuation values for 20.73, 19.8 GHz links from 12.25 GHz for same and different path respectively performed for 2013. Finally, conclusions are drawn in Section 5.
LITERATURE REVIEW
The specific attenuation is a fundamental quantity in calculation of rain attenuation statistics for earth space paths [20] . Generally, the attenuation prediction model consists of three methodologies, namely, the calculation of specific attenuation [19] , the calculation of rain height [21] and the attenuation calculation methodology. The values of k and α depend on the path elevation angle and polarizations of the measured beacons. The total attenuation is determined as,
where γ R (dB/km) is the specific attenuation, and L eff (km) is the effective path length. L eff is the length of a hypothetical path obtained from radio data dividing the total attenuation by specific attenuation exceeded for the same percentage of time. The recommendation of the ITU-R P. 838-3 [19] establishes the procedure of specific attenuation from the rain intensity. The specific attenuation γ R (dB/km) is obtained from the rain rate R (mm/h) exceeded at p percent of the time using the power law relationship as,
where k and α depend on the frequency and polarization of the electromagnetic wave. The constants appear in recommendation tables of ITU-R P. 838-3 [19] and can also be obtained by interpolation considering a logarithmic scale for k and linear for α. Most of the existing rain attenuation prediction models use regression coefficients k and α to estimate the rain attenuation. The further theoretical backgrounds are highlighted in [29] along with a brief overview of the Simple Attenuation Model (SAM). SAM model studies the relationship among specific attenuation and rain rate, statistics of the point rainfall intensity and spatial distribution of rainfall on earth-space communication links operating in the range of 10 to 35 GHz. The effective path length is calculated from an effective rain height which is expressed by Equations (3a) and (3b). In stratiform rain, with point R ≤ 10 mm/hr, the rain height is constant and equal to isotherm height above mean sea level whose values is given by ITU-R P. 839-4 [21] . Similarly, in convective rainstorms, when R > 10 mm/hr, the effective rain height depends on the rain rate because strong storms push rain higher into the atmosphere, lengthening the slant path. The attenuation time series is depicted as [22] ,
where A p% and R p% are the attenuation and rain rate exceeded for p% of time; γ is the specific attenuation due to rainfall; L s is the slant-path length up to rain height; H R is the rain height above mean sea level; H s is the station height; θ is the elevation angle of the top of rain height. In convective rainstorms, when R p% > 10 mm/hr, a modified value of effective path length is used for determination of slant path attenuation as:
where b = 1/22. Furthermore, the empirical expression for effective rain height H R is given as:
H 0 is the 0 • C isotherm height. The detailed description on the applicability of this model is described in [22] . Furthermore, Table 1 shows the local rain rate statistics, as given in ITU-R P. 837-7 [35] which is considered as part of the input parameters for the prediction methods. The table shows that the rain rate is higher particularly in the months of April, May, June, July, August, September, October and November. Hence, these months' statistics are studied in the further section.
EXPERIMENTAL METHODS
The propagation measurements over an earth space path have been carried out at Korea Radio Promotion Association building, Mokdong-13 na-gil, Yangcheong-gu, Seoul, Republic of Korea (37 • 32'45.25"N, 126 • 52'58.8"E) by National Radio Research Agency, RRA by receiving a Ku and Ka bands beacon signals of the Koreasat 6 satellite at 12.25 and 20.73 GHz, respectively, using 1.8 m antenna whose specification is detailed [29] . Similarly, another beacon receiver is installed at same place to measure the Ka band beacon at 19.8 GHz from COMS 1 using a similar sized antenna whose specifications are depicted in Table 2 .
The receiver samples the data that are measured for 10 seconds interval, which are averaged over 1-minute distribution for further statistical analysis with the averaging method as mentioned in [17] . The Ka-band signal is down converted to an intermediate frequency signal using a low noise block (LNB) converter having a noise figure of 1.5 dB. The output at LNB was fed to a signal selector, which selected the appropriate signal that range from 10 kHz to 26.5 GHz. After selecting the appropriate beacon signal, the output was fed to a spectrum analyzer via RG-11 coaxial cable at a sampling rate of one sample every 10 second. Finally, the output of spectrum analyzer was sent to the computer via general purpose interface bus cable and then stored using a data logger. The unattenuated beacon signal level was used to provide a reference level in dBm, which was the average signal power received under clear sky conditions. During rain, the attenuation was estimated by measuring the excess attenuation over the clear weather attenuation values at respective rain rates. For instance, attenuation is calculated by subtracting the clear sky signal power from the measured excess attenuation value at that instant. The rainfall rate was measured using an OTT Parsivel, a laser optical disdrometer for simultaneous measurement of particle size and velocity of all liquid and solid precipitation. The transmitter unit of the sensor generates a flat, horizontal beam of light, which the receiver unit converts into an electrical signal. This signal changes whenever a hydrometeor falls through the beam anywhere within the measurement area. The Particle Size and Velocity (PARSIVEL) disdrometer is a laser based instrument designed to count and measure simultaneously the size and fall speed of precipitation particles. The descriptions of the experimental [18, 29, 30] . The limitations of Parsivel disdrometer are the limited sampling, the possibility to have multiple drops passing through the sampling area at same instance of time and the axis ratio considered for drop equivolumetric diameter retrieval. In order to reduce the probability of multiple drop, there have been the limited sampling area of Parsivel. Additionally, the splashing of drops on the head of the sensor can induce non-natural small drops. Due to the shape of instrument, strong wind might have an effect on Parivel measurements, in particular for small drops [23] .
The detailed diagram for setup of the system is shown in Figure 1 . Similarly, Figure 2 shows the sample record of the simultaneous measurement of received signal level and rain rate for 19.8 GHz.
This paper considers the analyses performed in monthly and diurnal variation of 19.8 GHz satellite links. Similarly, the measurements performed for 2013 year for mentioned three satellite links are used for studying frequency scaling approach. The methods applied to derive the cumulative distribution of slant path attenuation and 1-minute rain rate for each year and when combined together are mentioned in [18] . . This might be because of the measurement of data performed for 5-second instances which have been combined for 1-minute distribution. Interestingly, the distribution of rain rate against rain attenuation as observed from Figure 5 (c) indicates that there is a positive correlation between the rain rate and rain attenuation. In order to derive Figure 5 (c), we have arranged cumulative distributions of rain rate and rain attenuation for four consecutive years from 2013 to 2016 with the time percentage ranging from 1% to 0.001%. Hence the obtained rain rate and rain attenuation statistics are plotted along the x-axis and y-axis, respectively, which show the curve nature presented in Figure 5 (c). The mentioned months of June, July, August and September have been considered because in this time period the rainfall is observed greater over this region. The average monthly rainfall accumulation for the three years of measurement is shown in Figure 6 which reveals that maximum average monthly rainfall accumulation is observed in the months of July and August. In addition, month-wise variability of rain rate and rain attenuation is studied further to generalize the use of regression coefficients k and α values for better estimation against the measured rain attenuation statistics.
RESULTS AND DISCUSSION
The analysis presented above is applied to numerically illustrate the relation between estimated and measured rain attenuations. To this end, the Complementary Cumulative Distribution Function (CCDF) for rain attenuation of four years at 19.8 GHz, calculated with the ITU-R P. 618-13 prediction using k and α values as recommended by ITU-R P. 838-3 and proposed attenuation obtained from the product of effective path length and specific attenuation values as calculated with the use of empirically generated regression coefficients k and α are shown in Figures 7(a) , (b), (c) and (d) in several time percentages, P , at equiprobable exceedance probability (0.001% ≤ P ≤ 1%) for winter, spring, summer and fall seasons, respectively.
As shown in Figures 7(a), 7(b) for winter and spring seasons, ITU-R P. 618-13 and SAM models show underestimation against the measured values whereas the proposed method gives a closer estimation. Similarly for the months of June and November, ITU-R P. 618-13 and SAM give the underestimation where these models overestimate in July, August, September and October months as better statistical data arrangement in 2013 year, this period has been chosen for the study of diurnal variation. Better analyses can be determined by the values of error matrices in further part. The empirically generated regression coefficients, k and α, for 19.8 GHz links as calculated from the statistical calculation of the data obtained for the four years, 2013 till 2016 are tabulated in Table 3 . Similarly, the obtained values for effective path length, derived from the rain rate values as described in the SAM approach, are depicted in Table 4 . The values are constant for most of the time percentage because of the rain rate whose values are lower than 10 mm/hr. The correlation coefficient, R 2 , is greater for the proposed method which indicates a better estimation of rain attenuation from rain rate statistics. The effective length is obtained from SAM approach whose inverse is multiplied with measured rain attenuation statistics. Hence, it is plotted against the measured rain rate statistics from where the required values of k and α are calculated. The rain attenuation is thus calculated with the product of empirically generated k and α values, with estimated, L eff . Similarly, k and α are also derived from the procedure explained in ITU-R P. 838-3 which are used to obtained attenuation values for ITU-R P. 618-13 extrapolation approach. Hence, comparison of the attenuation obtained from empirically generated k and α along with the ITU-R P. 618-13 prediction method is studied for the combined rain rate and rain attenuation statistics for 2013, 2014, 2015 and 2016 years. The further error analyses support the judgment of mentioned approaches.
The rain attenuation prediction model for Earth-satellite link is determined for exceeding time percentages in the range 0.001% to 1%. Hence, the percentage errors, ε(P ), between measured Earthsatellite attenuation data (A %p, measured ) in dB and the model's predictions (A %p, predicted ) in dB are obtained with expression exceeding time percentage of interest on link at the same probability level, P , in the percentage interval 10 −3 % < P < 1%, as follows:
In addition, Chi-Square statistic is used to access the methods performance which is given by Equation (5). Figure 6 . Monthly average of rainfall amount for three years of measurement [23] .
Chi-Square statistic is defined as [26] : Similarly, for standard deviation, STD, and root mean square, RMS calculation, the approaches followed in [14] have been adopted. The calculated relative error probability, ε(P ), standard deviation, STD, root mean square, RMS, and Chi-Square values are tabulated. As per the recommendation by ITU-R P. 311-15 [25] , the ratio of predicted to measured attenuation is calculated, and the natural logarithm of these error ratios is used as a test variable. The mean (µ v ), standard deviation (σ v ) and root mean square (ρ v ) of the test variable are then calculated to provide the statistics for prediction method's comparison, which are listed in Tables 5-8 along with the evaluation procedures adopted for comparison of prediction methods by the recommendation ITU-R P. 311-15 [25] . The proposed empirically derived k and α, used in specific attenuation calculation which is used to obtained desired attenuation values, results have lower chances of error than ITU-R P. 618-13 approach when 0.001% ≤ P ≤ 1% which is justified from lower STD, RMS, χ 2 values. Thus, for all time percentages when 0.001% ≤ P ≤ 1%, for 19.8 GHz, empirically derived k and α values can be used. As noted from Tables 5-8 for winter, spring, summer and fall seasons in 19.8 GHz link, ITU-R P. 618-13 shows the relative error percentages of 96%, 88%, 86%; 52%, 19%, 78%; 86%, 66%, 32% for January, February, December months; 77%, 38%, 21%; 65%, 9%, 10%; 51%, 7%, 64% for March, April, May months; 57%, 32%, 12%; 51%, 85%, 123%; 4%, 47%, 82% for June, July, August months; 13%, 53%, 84%; 50%, 13%, 31%; 68%, 17%, 47% for September, October, November months at 0.1%, 0.01% and 0.001% of the time respectively. Similarly, SAM approach results in 83%, 64%, 56%; 79%, 34%, 11%; 89%, 84%, 68% for January, February, December months; 97%, 70%, 56%; 81%, 51%, 4%; 76%, 35%, 5% for March, April, May months; 74%, 58%, 39%; 25%, 122%, 167%; 80%, 26%, 315% for June, July, August months; 70%, 9%, 175%; 75%, 36%, 56%; 82%, 54%, 0% for September, October, November months at 0.1%, 0.01% and 0.001% of the time respectively. In the other hand, the proposed method gives 9%, 21%, 11%; 0%, 12%, 12%; 5%, 7%, 9% for January, February, December months; 12%, 7%, 8%; 10%, 9%, 5%; 14%, 4%, 3% for March, April, May months; 17%, 14%, 4%; 2%, 9%, 7%; 11%, 6%, 2% for June, July, August months; 13%, 4%, 2%; 9%, 2%, 3%; 27%, 6%, 12% for September, October, November months at 0.1%, 0.01% and 0.001% of the time, 
In addition, frequency scaling approach is tested for monthly variation of rain attenuation in Ka-band along the same and different communication paths. Frequency scaling method provides an alternative to rain attenuation models which are considered excellent predictors and provide a means for determining what to expect at a frequency for which there are no data. The mathematical expression for the determination of long term frequency scaling of rain attenuation statistics are listed in Equations (6a), (6b), (6c). 
CONCLUSIONS
The diurnal and monthly variations of slant path rain attenuation are presented for Mokdong Station in South Korea. The corresponding effective path length is calculated with the application of Simple Attenuation Model at 19.8 GHz for COMS1 satellite. It is obtained that higher fade margin is needed for reliable link availability, and the rain attenuation probability is lower in late night time and higher in morning hours. The rain attenuation and rain rate, collected over four years during 2013-2016 in the 12.25 and 20.73 GHz from Koreasat 6 and 19.8 GHz from COMS1 for Mokdong Station, were analyzed on monthly basis to observe the statistical characteristics. As first approach to this open research problem, a statistical analysis has been proposed to predict the time series of rain attenuation, effective path length and specific attenuation at Ka band over an earth space path. It has been found that the empirically derived k and α values provide data very close to the measured attenuation and can be sufficiently used to estimate rain attenuation in this region for all time percentages when 0.001% ≤ P ≤ 1% of the time. Further, the predictive capabilities of the models are judged through the relative error analyses, standard deviation, root mean square and chi-square values as well as through the recommendation of ITU-R P. 311-15 method. Thus, the paper presents the comparison of the measured data with the existing ITU-R rain attenuation prediction model for slant path communication and shows suitable approach for the categorization of best fitting approach. However, it should be noted that the results are valid for these particular climates, and its feasibility for other regions requires more testing and analyses.
All in all, we can adopt ITU-R P. 618-13 rain attenuation model in South Korea for better prediction of rain attenuation until the sufficient database of rain attenuation and rain rate from other locations become available. In addition, a frequency scaling scheme is analyzed as per the recommendation of ITU-R P. 618-13. These analyses shall be helpful to system designer for selecting suitable time margin for high data rate communication with higher link availability so as to maintain lower fade margin and for further enhancement of rain compensation methods.
